This contribution deals with the microwave linear characterization and noise figure measurement of four on-wafer GaAs pseudomorphic high-electron mobility transistors having scaled gate widths. The proposed measurement campaign has been fulfilled in two different laboratories: The University of Messina, Italy and US Naval Research Laboratory, Washington, DC, USA. Two equivalent approaches have been straightforwardly employed: a standard tuner-based technique and a novel tuner-less technique. The effectiveness of the novel technique has been confirmed as carried out independently by the two laboratories, evidencing the benefits of both techniques. The proposed experimental activity highlights the applicability of the tunerless technique for the noise characterization of advanced on-wafer devices without the constraint imposed by the addition of a source tuner to the standard measurement setup. method if compared with a coaxial-based measurement. The former is based on measuring the device performance directly on the wafer, whereas the latter requires the device be enclosed in a package and housed in a test fixture equipped with input/output coaxial connectors. By getting rid of the parasitic contributions associated to the package and the test fixture, the on-wafer measurements enable accessing the actual transistor performance.
Introduction
Gallium arsenide (GaAs) high-electron-mobility transistors (HEMT) are widely adopted in very high frequency applications for their outstanding performance concerning low-noise figure and high gain applications, which are related to their rewarding properties in terms of electron mobility, saturation velocity, and ease of heterojunction formation [1, 2] . Therefore, GaAs technology has emerged as the key technology for microwave and millimeter wave low-noise amplifiers, whose premium performances have been demonstrated also beyond 240 GHz with a high level of integration [3] [4] [5] [6] .
Over the years, a large number of scientific papers have been devoted to the analysis of the high-frequency linear behavior of this type of transistor, going from scattering (S-) to noise (N-) parameters measured in a variety of experimental conditions and applying different techniques [7] [8] [9] [10] . This is because an accurate characterization is of fundamental importance to ensure the successful design of microwave low noise amplifiers, playing a key role in determining the overall receiver performance [11, 12] . This paper is aimed at investigating the microwave linear characteristics of on-wafer GaAs pseudomorphic HEMTs (pHEMTs) having a gate length of 0.15 µm and different gate width: 2 × 50 µm, 4 × 50 µm, 6 × 50 µm, and 10 × 60 µm. The on-wafer characterization is the most convenient technique to determine the microwave device performance, since it is a non-destructive and faster testing In order to compare the experimental results, the same measurement bias point has been used in both laboratories, i.e. drain-source voltage VDS = 2 V and drain-source current density JDS = 200 mA/mm.
A consistent bias point in terms of VDS and current density JDS is a requirement for the tuner-free approach and allows for the comparison of the results obtained by the two approaches. The devices have been characterized by performing the measurements within the 3.5-26 GHz frequency range. The performed measurements consist of:
• Scattering and noise parameters at the UniME laboratory;
• Scattering parameters and 50 Ω noise figure at the NRL laboratory;
The measurement campaign has been performed by employing two different calibration kits. At the NRL laboratory, on-wafer standards have been employed to execute a TRL calibration. Therefore, the reference planes have been set at the red dotted lines of Figure 1 .
At the UniME laboratory, off-wafer standards have been used, thus setting the reference planes at the black dotted lines of Figure 1 . The differences resulting in the measurements have been taken into consideration and remarked in Section 3.
Tuner-based Measurement Set-up at UniME
The block diagram and a picture of the measurement system adopted at the UniME laboratory are shown in Figure 2 . In order to compare the experimental results, the same measurement bias point has been used in both laboratories, i.e. drain-source voltage V DS = 2 V and drain-source current density J DS = 200 mA/mm.
A consistent bias point in terms of V DS and current density J DS is a requirement for the tuner-free approach and allows for the comparison of the results obtained by the two approaches. The devices have been characterized by performing the measurements within the 3.5-26 GHz frequency range. The performed measurements consist of:
•
Scattering and noise parameters at the UniME laboratory; • Scattering parameters and 50 Ω noise figure at the NRL laboratory;
Tuner-Based Measurement Set-up at UniME
The block diagram and a picture of the measurement system adopted at the UniME laboratory are shown in Figure 2 . In order to compare the experimental results, the same measurement bias point has been used in both laboratories, i.e. drain-source voltage VDS = 2 V and drain-source current density JDS = 200 mA/mm.
Tuner-based Measurement Set-up at UniME
The block diagram and a picture of the measurement system adopted at the UniME laboratory are shown in Figure 2 . Ahead of the noise figure analyzer, a low noise amplifier and an attenuator have been used to set the correct power level handled by the noise figure analyzer. By means of two microwave switches, the input chain can be connected with either port 1 of the network analyzer or the noise source, whereas the output chain can be connected with either port 2 of the network analyzer or the low noise amplifier.
The scattering parameters of the DUTs can be straightforwardly measured by the network analyzer, whereas the determination of the noise parameters requires a complex extraction procedure based on several noise figure measurements [17, 18] .
The extraction procedure employs the definition of the noise factor (F) as a function of the source reflection coefficient Γ [19, 20] :
where is the reference impedance of 50 Ω, ( when expressed in dB) is the minimum noise factor that is achieved when Γ is equal to the complex optimum reflection coefficient Γ and is the equivalent noise resistance, that indicates how fast the noise factor degrades when Γ departs from Γ . The best condition, i.e., the noise factor equal to the minimum one, can be obtained when Γ = Γ .
The extraction of the noise parameters has been performed by exploiting the features of the ATS Maury software. This procedure is based on the Y-factor technique, consisting of measuring for a certain number (at least four) of source impedances made available by the automated tuner.
After selecting the bias point, the scattering parameters have been measured, performing a deembedding by shifting the reference planes close to the probe tips.
Tuner-free Measurement Set-up at NRL
The procedure relies on a measurement setup shown in Figure 3 . The setup available at NRL is similar to the one available at UniME and consists of: Ahead of the noise figure analyzer, a low noise amplifier and an attenuator have been used to set the correct power level handled by the noise figure analyzer. By means of two microwave switches, the input chain can be connected with either port 1 of the network analyzer or the noise source, whereas the output chain can be connected with either port 2 of the network analyzer or the low noise amplifier.
The extraction procedure employs the definition of the noise factor (F) as a function of the source reflection coefficient (Γ s ) [19, 20] :
where Z 0 is the reference impedance of 50 Ω, F min (NF min when expressed in dB) is the minimum noise factor that is achieved when Γ S is equal to the complex optimum reflection coefficient Γ opt and R n is the equivalent noise resistance, that indicates how fast the noise factor degrades when Γ S departs from Γ opt . The best condition, i.e., the noise factor equal to the minimum one, can be obtained when Γ S = Γ opt . The extraction of the noise parameters has been performed by exploiting the features of the ATS Maury software. This procedure is based on the Y-factor technique, consisting of measuring F for a certain number (at least four) of source impedances made available by the automated tuner.
After selecting the bias point, the scattering parameters have been measured, performing a de-embedding by shifting the reference planes close to the probe tips.
Tuner-Free Measurement Set-up at NRL
The procedure relies on a measurement setup shown in Figure 3 . The setup available at NRL is similar to the one available at UniME and consists of: • a Keysight N5245A PNA-X, operating from 10 MHz to 50.0 GHz;
• a fully corrected noise figure H29 Keysight PNA-X personality;
• a Keysight N4694 ECal off-wafer electronic calibration setup up to 67.0 GHz;
• a Keysight 346C noise source operating from 10 MHz to 26.5 GHz. The PNA-X noise figure personality operates on the listed PNA-X from 10 MHz to 26.5 GHz because of the use of noise receiver that optimize measurement noise performance. Additional available equipment based on a similar PNA-X model without the noise personality can make noise figure measurements up to 67.0 GHz with the standard receivers (option 028).
Further, available on-wafer TRL calibration standards have been employed. A sample of delay line used for the on-wafer characterization is shown in Figure 4 . The standard TRL calibration procedure allows the reference planes to be pushed forward from the probe tips to the device gate and drain nodes as depicted in Figure 1 . Careful characterization of the measurement setup allows the determination of the small signal parameters for each block in the notional setup shown in Figure 5 . The measurement of the signal performance of the device is equivalent with the measurement carried out at UniME with the caveat that the reference planes have been shifted from the probe tips to the internal gate and drain planes of the device through additional on-wafer calibration.
On the other hand, the noise performance of the devices under test has been determined without using the additional external tuner. This is possible by shifting the measurement burden to additional The PNA-X noise figure personality operates on the listed PNA-X from 10 MHz to 26.5 GHz because of the use of noise receiver that optimize measurement noise performance. Additional available equipment based on a similar PNA-X model without the noise personality can make noise figure measurements up to 67.0 GHz with the standard receivers (option 028).
Further, available on-wafer TRL calibration standards have been employed. A sample of delay line used for the on-wafer characterization is shown in Figure 4 . The standard TRL calibration procedure allows the reference planes to be pushed forward from the probe tips to the device gate and drain nodes as depicted in Figure 1 . Further, available on-wafer TRL calibration standards have been employed. A sample of delay line used for the on-wafer characterization is shown in Figure 4 . The standard TRL calibration procedure allows the reference planes to be pushed forward from the probe tips to the device gate and drain nodes as depicted in Figure 1 . Careful characterization of the measurement setup allows the determination of the small signal parameters for each block in the notional setup shown in Figure 5 . The measurement of the signal performance of the device is equivalent with the measurement carried out at UniME with the caveat that the reference planes have been shifted from the probe tips to the internal gate and drain planes of the device through additional on-wafer calibration.
On the other hand, the noise performance of the devices under test has been determined without using the additional external tuner. This is possible by shifting the measurement burden to additional Careful characterization of the measurement setup allows the determination of the small signal parameters for each block in the notional setup shown in Figure 5 . Further, available on-wafer TRL calibration standards have been employed. A sample of delay line used for the on-wafer characterization is shown in Figure 4 . The standard TRL calibration procedure allows the reference planes to be pushed forward from the probe tips to the device gate and drain nodes as depicted in Figure 1 . Careful characterization of the measurement setup allows the determination of the small signal parameters for each block in the notional setup shown in Figure 5 . The measurement of the signal performance of the device is equivalent with the measurement carried out at UniME with the caveat that the reference planes have been shifted from the probe tips to the internal gate and drain planes of the device through additional on-wafer calibration.
On the other hand, the noise performance of the devices under test has been determined without using the additional external tuner. This is possible by shifting the measurement burden to additional The measurement of the signal performance of the device is equivalent with the measurement carried out at UniME with the caveat that the reference planes have been shifted from the probe tips to the internal gate and drain planes of the device through additional on-wafer calibration. On the other hand, the noise performance of the devices under test has been determined without using the additional external tuner. This is possible by shifting the measurement burden to additional calculations once the experimental data is collected. Indeed, in a similar fashion, inspired by the calibration procedures at the basis of the PNA measurements, it is also possible to remove the contributions of the measurement components with simple matrix manipulation of the available data [21] when considering the noise contribution of each block. In particular, the cascaded blocks A, B, . . . , E of Figure 5 will yield an overall noise contribution equal to:
where T x is the transmission (ABCD) matrix of the block x = A, . . . , E and C T x its correlation matrix in the same representation T. The superscript + is the Hermitian conjugate operator. The correlation matrix C T C of the device can be obtained with simple matrix subtraction and matrix inversions because:
• the T x matrices are known through measurements with the PNA-X after converting the scattering parameter matrix to the ABCD representation; • the noise correlation matrix C T x of each of the 4 passive components A, B, D, E surrounding the device in Figure 5 is known from the measured parameters and proper transformation to the desired representation [22] .
Hillbrand and Russer [21] also pointed out that the noise figure can be expressed in terms of the correlation matrix of the device under test. This expression opens up new considerations on the characterization of the noise performance of a linear device [23] , one of which is the evaluation of the device's noise figure. When considering the transmission T representation, the correlation matrix C T meas can be related to the noise figure by
where Y S = G S + jB S is the source admittance and y + S = Y * S 1 is the (hermitian conjugate of the) source vector. The source admittance Y S is typically corresponding to 50 Ω in a measurement system. However, when shifting the measurement plane away from the source, the admittance Y S may be a complex number at the frequency of interest due to distributed effects and parasitic components. The exact value for Y S can easily be determined through the measurement data.
Experimental Results and Comparison
As mentioned in Section 2, the bias point has been fixed to V DS = 2 V and J DS = 200 mA/mm, in both laboratories, whereas the measurement have been performed in the frequency range from 3.5 GHz to 26 GHz. From Figures 6-9 the comparison between the 50 Ω noise figure and the scattering parameters measured at UniME and NRL laboratories is shown. Concerning the scattering parameters, for all the considered devices, the differences between the two sets of measurement are pronounced. Since limited differences could be due to the different measurement location, time and set-up employed for the characterization, these discrepancies in terms of phase rotation and module could be attributed to the shift of the reference planes. Concerning the noise figure, a good correspondence between the two sets of measurements can be noticed. As a matter of fact, the measurements almost overlap. This result is not trivial, considering that the measurements have been performed within two different laboratories with different measurement set-ups, shifted calibration planes, and different procedures employed. With the twofold purpose of testing the effectiveness of the two test benches and of mitigating the differences between the measurements, the effect of the different reference planes of the UniME setup has been simulated by adding two ideal transmission lines to the input and output ports of the devices measured at the NRL laboratory. This task has been accomplished by employing the National Instruments AWR Design Environment® and, in detail, by considered the aforementioned ideal transmission lines as two additional elements to be attached in series to both the device input and output ports. A schematic representation of a sample device with two ideal transmission lines has been reported in Figure 10 .
. In this regard, the effect of the different reference planes is not so evident. As a matter of fact, the output shift is strongly reduced by the gain of the DUT, whereas the input line, whose losses are negligible, causes only a limited change in the source reflection coefficient value [17] .
With the twofold purpose of testing the effectiveness of the two test benches and of mitigating the differences between the measurements, the effect of the different reference planes of the UniME setup has been simulated by adding two ideal transmission lines to the input and output ports of the devices measured at the NRL laboratory. This task has been accomplished by employing the National Instruments AWR Design Environment®and, in detail, by considered the aforementioned ideal transmission lines as two additional elements to be attached in series to both the device input and output ports. A schematic representation of a sample device with two ideal transmission lines has been reported in Figure 10 .
Instruments AWR Design Environment® and, in detail, by considered the aforementioned ideal transmission lines as two additional elements to be attached in series to both the device input and output ports. A schematic representation of a sample device with two ideal transmission lines has been reported in Figure 10 .
. Figure 10 . Schematic of the 2 × 50 µm sample device with two ideal transmission lines.
The sub-circuit S1 contains the measured scattering and noise parameters of the device in the touchstone format, whereas the two elements, TL1 and TL2 simulate ideal and lossless transmission lines. The line length is specified as an electrical length (phase lag of mode propagating along the line) at user specified frequency. For both the input and output transmission lines, the values of frequency and characteristic impedance have been fixed equal to the central frequency of 14.75 GHz and 50 Ω. After a manual tuning procedure, the input electrical length has been set equal to 11 • , whereas the output one equal to 12 • , corresponding to a physical length of 621 µm and 678 µm, respectively. The comparison between the scattering parameters measured at NRL laboratory with the two transmission lines and at the UniME laboratory are shown from Figures 11-14 . The sub-circuit S1 contains the measured scattering and noise parameters of the device in the touchstone format, whereas the two elements, TL1 and TL2 simulate ideal and lossless transmission lines. The line length is specified as an electrical length (phase lag of mode propagating along the line) at user specified frequency. For both the input and output transmission lines, the values of frequency and characteristic impedance have been fixed equal to the central frequency of 14.75 GHz and 50 Ω. After a manual tuning procedure, the input electrical length has been set equal to 11°, whereas the output one equal to 12°, corresponding to a physical length of 621 μm and 678 μm, respectively. The comparison between the scattering parameters measured at NRL laboratory with the two transmission lines and at the UniME laboratory are shown from Figures 11-14 .
The two transmission lines allowed compensating the differences in the reference planes, whose good correspondence is clearly visible from Figures 11-14 . The slight differences occurring in the magnitude and phase of the scattering parameters might be due to: a) to the slightly different bias point; b) to the approximation introduced with the ideal transmission lines whose length has been kept fixed for all devices in spite of their different input and output layout topologies. The sub-circuit S1 contains the measured scattering and noise parameters of the device in the touchstone format, whereas the two elements, TL1 and TL2 simulate ideal and lossless transmission lines. The line length is specified as an electrical length (phase lag of mode propagating along the line) at user specified frequency. For both the input and output transmission lines, the values of frequency and characteristic impedance have been fixed equal to the central frequency of 14.75 GHz and 50 Ω. After a manual tuning procedure, the input electrical length has been set equal to 11°, whereas the output one equal to 12°, corresponding to a physical length of 621 μm and 678 μm, respectively. The comparison between the scattering parameters measured at NRL laboratory with the two transmission lines and at the UniME laboratory are shown from Figures 11-14 .
The two transmission lines allowed compensating the differences in the reference planes, whose good correspondence is clearly visible from Figures 11-14 . The slight differences occurring in the magnitude and phase of the scattering parameters might be due to: a) to the slightly different bias point; b) to the approximation introduced with the ideal transmission lines whose length has been kept fixed for all devices in spite of their different input and output layout topologies. 
Conclusions
This paper provides a thorough description of two equivalent approaches that allow the determination of the complete small signal performance of GaAs HEMT devices, including their noise figure. The approaches rely on a standard tuner-based technique and a recent tuner-less technique. The novelty described in this paper lies in the validation of the novel technique as carried out up to 26 GHz independently by two laboratories, one at the University of Messina, Italy, and one at the US Naval Research Laboratory, USA. The two methods also highlight the benefits of each technique: individual characterization of each device through the standard technique and a tunerfree characterization by further shifting the burden of characterizing the noise figure of a device from hardware-based measurement to software-based matrix calculations. This paper shows through measurements that the techniques are equivalent and demonstrates the applicability of the tuner-less technique to characterize on-wafer devices vs. size without the constraint imposed by the addition of a source tuner to the standard measurement setup. 
This paper provides a thorough description of two equivalent approaches that allow the determination of the complete small signal performance of GaAs HEMT devices, including their noise figure. The approaches rely on a standard tuner-based technique and a recent tuner-less technique. The novelty described in this paper lies in the validation of the novel technique as carried out up to 26 GHz independently by two laboratories, one at the University of Messina, Italy, and one at the US Naval Research Laboratory, USA. The two methods also highlight the benefits of each technique: individual characterization of each device through the standard technique and a tunerfree characterization by further shifting the burden of characterizing the noise figure of a device from hardware-based measurement to software-based matrix calculations. This paper shows through measurements that the techniques are equivalent and demonstrates the applicability of the tuner-less technique to characterize on-wafer devices vs. size without the constraint imposed by the addition of a source tuner to the standard measurement setup. The two transmission lines allowed compensating the differences in the reference planes, whose good correspondence is clearly visible from Figures 11-14 . The slight differences occurring in the magnitude and phase of the scattering parameters might be due to: a) to the slightly different bias point; b) to the approximation introduced with the ideal transmission lines whose length has been kept fixed for all devices in spite of their different input and output layout topologies.
This paper provides a thorough description of two equivalent approaches that allow the determination of the complete small signal performance of GaAs HEMT devices, including their noise figure. The approaches rely on a standard tuner-based technique and a recent tuner-less technique. The novelty described in this paper lies in the validation of the novel technique as carried out up to 26 GHz independently by two laboratories, one at the University of Messina, Italy, and one at the US Naval Research Laboratory, USA. The two methods also highlight the benefits of each technique: individual characterization of each device through the standard technique and a tuner-free characterization by further shifting the burden of characterizing the noise figure of a device from hardware-based measurement to software-based matrix calculations. This paper shows through measurements that the techniques are equivalent and demonstrates the applicability of the tuner-less technique to characterize on-wafer devices vs. size without the constraint imposed by the addition of a source tuner to the standard measurement setup.
